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Z HORY F NUCLEAR HEACTIUiS INVJLVING POLARIZED DEUTERONS

By W. Lakin and L. wolfenstein

Technical Report

IN hJDJCTION:

'Me spin state of a particle (or nucleus) taking part in a nuclear reaction
genFen U.y Lmust be described as a statistical mixture of the pure spin states in
wtlsh .rie -article may ba found. If the dRscription consists of wighting equally
aI. mamuers of any basis met of mutually c-.thogonal spin functions, the mixture is
spstiaiiy isotropic and describes unpolarized atticles. Any different distribution
will dencribe anisotropic statee, and refer to 2olarized particles. 1) States wicb
may be described by a single wave function rather than a more coplicated statistical
skixture will be called ostpletely polarized. 4xcept in the case of a particle of spin

the definition of the mount of polarization is ambiguous.

In Sec. I w consider mys of describing the polarization of particles of spin
one, such as the deuteron. In See. II we determine the restrictions which the usual
invarianoo requirmenta place upon the spin dependeme of transition amplitudes. Thee
sections are purely formal and are not dependent on any theory of nuclear Interactions,
In ovc. II we study the polarization of the deuterons produced in the p + p--). d
reaction12) go detailed assuptions cace-riing the reaction are sads, but linttatona
are put on the orbital angular mcmntg which should be valid if the energy is not too
high. fle use or alastic d-p elterin& has been suggested as a po sible means of
detection of this polarization, and this possibility is explored in Sec. IV. The

results of such experinent. depend upon the nature of the high energy scattei as
well as the polarization of the deuterons. Although high energy nazlear scattering
is not understood well, positive results in such experiments would provide qualit-
ative evidence for the existnce of polarization.

1. POIAhIhATIUN STATES uF Thi. alUTEAL

The von Meuaman denity matTX $bin spin space is often a convenient starting
point in discussing polarization.' It may be expressed as a linear omblination of

"''he term polarization here includes both polarization and alijre~nt in the @ense
of bleaney: B. bleaney, Proe. Phys. Soc. (London) A6, 3157 15I; A. sizon, x.
S. nose, and J. M, Jauch, Phys. hev. t, i55 (19514. Polarization and all naent
&tre special cases of the vector la- tensor types of polarizaton referred to later,

(2)
vat.,on and Rich-:.n , Phys. Aev. 8, 1256 (1951). These authors discuss only that
part of the polarization which may be specified by the expectation value of the spin.

( woLfenatein and Ashkin, 1hys. Rev. Pj., 947 (1952) RoH. DlitzProc.Fhy&.SoceLon,
A6 . 175 (1952). Our methods and notation generally follows that of the former paper.
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tod~pbAlt Mift&i2 mkitkcfl, ta .a ii.jItor #quLjvMt the eqian of the diwasit-
theisatvelthv i;,Omtn (cn of tbase =itrlsea may be the identtty Matrt,0 tbe I

UpeythAtio nlx of ich specIfIc tbte nralin tkst is, tbtma of
ThA reining njottoa n-tLu detormte thoa polariuti cl ef t sytem.

.. al t ii s cn 4ratcnv vi~ioh Thin o zne2t at £T rrodualb1e aor(4
of rw.k nro (tbii itority natrl), oii, &W twu Th ajwwrit'c? 'ati4 trwfc-Mn
updorr nctlttt Woo 06 riri h~trnLiic Y~u to dimate by TAM, This "t is
o41iY *Wjanjent t-2 a 9V7t Of ir4vpates~t VWttiAn openatore, rwd that Bat
ft-rm by tVis inmitaW at & rttht n rar-ts of thee. orpnwaton The ortoga-

i T Y'ri m3 rm

In tfl4 a Qto*$6*itu of ttw dvittrcc si PmtC? _6p the TAAf

t )v

~is ttai urzICesd tr coafftcont f~or GuLA' AAl an'jdtin

ec6 for Amaple, Ara~t, :,iis. r-av. 6 4 (1942)



I. ~ ntn " gu"tr onseti dsnotz at~atiutic2. mxpsetAt~n ra&iose ?he *enmtus

aip r ste etct., b1 U t~rn tndetovd4&x Sohtrs tnequa33tinv,

teA4pewtzt of (Li)) is the ctrr-toi~acei

r

ttae L battt J a (thep tdr~tty) It tdb4 cmdttat. Thav ifec~aflty

i~tnt tiat tha eq-La1±ty hdIds at4 "n As o e ta schsrittttm

wid tUnw iwitthandMaids *uAa %ay caLy Pfo Ul~m utipotrtt%* nUts, fTi~@for,

oa itght~ dW14nea psvronts p4l&ri#atio by

I Te ccpcwnwts In ge-nertI define a. peuvie ctar %toss dtntirr

aay to usta as thb4 es of q"&-,atd&U, "sOi <?I, ~>vn .In i-ec, 11

4,a er.,i. !3row tdt iii til it ,., whic0,.h a prikue~ in tr simpl* rtactions

Of interezrto 0U6, uw <T ys 14> v n tco. we aaw reestrict otur cmaLidr-

Ation tz tn~lt cltisn uf tatsi5 anrv' ct y Z~ttcds of desoribLirj their stet of



Jtta n phun of ttS <T2 ! ~ ocoete otit yt ~

thne qpaatit1O. are real c&e LMrere ecji..(ra(,)

?o stAy -.base atttn e tse.y we c~ra14r the csrtn"in aap nts

of tbo tensor apenters, &u g .rea by (1:2), The exezatioa vulun of the ecamat

of ths occuSd rik teior operetor fora the caponuAts of a uyintrioa1 Htroni ThS

tr~or, which in tom§ defis 15 16egt of puinollp.1 Lna, Sinj ?* aMd A* '

vnilsh, w I" the &' Uds iv the dincto of the spinan twoAlr- a P"incipfl axis o.f

Uwe snehauink tinor; Goaeflricaij t~rn ; Zas of stat"es i e stjxying is tktnctr

i I ft ct that t' &ci Of tbi "Piz is a pnoat~l L"~ of the tasolr.

:: iftn~lds r -ti -o A-6,e 4~l of Una airnuhe0-t ea!# v hich LL is fl"t flm~huflto ut

It 14xpogibls t bAfl Use 'Aaf 41rsction parael to£ ptirzi~t1 A". Thu* &M

the w&Sl4B VhJitb the V4p~tAtcr value of tA. apin IWoJiSP, &iM1 th# 0450 In V

ti t ±~4 sine~ L of tkhe tteor a-re not dtrtiza wfitqn Y. Thl cles ct

The ;Thss or et~tn" tr qvuatton imeU~dn &.11 cca-plt.Lj rolartad~ stta.

To so* VAS, We laairoe USe w"Aw functim.

a~itraryi jptAtm fcactsGr, vo accs's 0 r-&L. The s~tie 4aMt2Y

0*

e, Lie "3Lj2 a bO Of eot to rodeorI8 tCv

.vay>..sb-es ;4wti



* eq~ts I a ttan fl8Ltbfl

Aothe sed , l serl'* tlu polrltaj tiouto of a systema to tell

tiobc pin spin atiatoa r. corta ir the statistical uiflar an~d the nicatins

aWCUmtSofflaabit&t40  #emywaflot ynotin tnat p is hirulttiaa nariybhe
disgma1±ed ay a urttry traasorntion. Therefore tiA eZ,.atica± .4xtm-

I ccsiaUt of tIaU tbr* c4tMa1 stas vtii form the b' ;A of this rpspnyt-

atio and tlhe wrrtpw4n-g eigrummu of t4hc dtsity astria &* the nlttinv

m~sof thens ttes~. Wit the pnviiva cttics for tb c Z- z&4u < Ti

I aM <T21 rsnl, G t-hat ou t hSvh £02'U o (titLi4 Se 9)

1 Al t4ipArU4 that A b, o 0; tIWsed &MIPU d*PSJ W ~df

orf tuMii-nat only a4i il w hxAs of genrsflity. (fts us. of a am-vml

qmntity iii place of e &lso measi a oh afngs of eoordinatn,)

Diafu~litl. wo 6tul tdte 4gw&nltu i u-Air vi~rmvtcrs 9

Il
, ±~ (~t'b) (X12

F4



'or decnte *igenvalus, of conr, tM .Ize*~mnti" are Mot ~t

In tts spocaal eaS r~bat tto .xraotatoi= v.LW of tbo IPis fl&ictoe, wv tiee. tr"

(i~l~t ta Th w~nov 2  a? 3

Sincd Xe ttnafona L4k. -(x "ly) and YL~ tomnsformt 3.a (x + iX.) y2~ Ln

v 13 t tafo Like (-x) and (4iy), rstrintinvLr, c&-v mnas they rimpretent atato

lkelo , bt citM~ alcng tit x- #Md y- um, rnspmotiwwly-

Thyas wr rwnttt set of n2atti tatac% Wa be oaniderod a*

whttstiea. miflz=-e of & rnstdeV,*4 ant Of LTSe atta In g*O.I.Z n* Mvai

&aUA6. orientald aLeag Urn dtnet-cn of th ttal sp4 ( ;x*) ita ir

t:f C ztr oft UdN pLtlfl al ati &OAi wt dtde bul S as Vr'tJ 4  an a api

jar q~llfp;Q tot *Ialiptic41 7y ptezis atite or 14Ah wit oppniWt srwiaea of

et-atitwn "n vraaoad sfijtr &f68. r4i Utitling c~3e5 A.- t)S st~tf4t it IAa

utnur's of t r*. Mie ir&wsI st-ates 4x £ I) wr the state of so a-pin0,

Ii t, latter case, t.hu pure stn e-re* s t-ate* 0ottrcti &1=4 t"Xn6e ~it-uLy

perr6tMcui~r ans, the prlnoiral neot of the udvondrji nit tensore.

vor a givenm ;et tSf priripzian all sta.ts of this cagory ar* spadlfied

cy~~~I tt21 utr~ I~ nutss K0  u~r (12') v ite

t Lt tr t .ste io slma~i t4 wi-re Mate f "I 9 LI4f it is Liny

*tUsI -txtun* of the pure rtatql zT VY4 (T 2 )d +

* t.tgiilera1 st-,te O f tflI6 cat-flor7 ccn. iA- 0.1 t~lb8Of tF LC pUfl Btttes,

%: ie ic 7tt n 2 mch ctbs~r two opoerators w s8&;iafy, (1 6;

QJ&J ~ftflbut .t :%ay repl ace K 1 ) by a zore oetrL, jentirusitfliZ

- &itne t trai tim p.-rt of Z; s I-l Ix~c~if &AO0 a ni

reruitI. P-. rt nu-,t vQr'L3h ilerefo re waLe6( use (ac a nornQ, izaticn Iacto-r I



as&zlato Vb#5e sxpeat~ton vP Ics v.e use equattots (1.113) a(4 12)

&n ft zplicoit fomes zf t~h twEscr o xtors in q~rs5tic

T1#0  0 (001
T 2 0 -2 0

~(0 D
0o \

T r3 0 0I
i

7h, westo tiatfo Lhs a tg yo sue,( 20 i t1 piml a* " t,

If~~ ~ wo rerrn ah--sibe5.t6b ,pin - pc K4 co-i~t orsn



Ed T 4174 mn T O tstivey, ' WteepiM' -

the ia',ertor of a come; wtho apex isa at <T r2 an the (Ta,>

- xis, atd toss bw Aa rv .dius of a&r! is nouzl to this axis a

I ~ 2. The waplstaly p1ariza4 states ax. tisri for ticb *itbmr

I o~r ) '1. These anm eharat~riec by ctintu at the Vpex or siniaisruIf ~tb Imes ot tt CCs repctttisy. AA4 pSir of st&ta uz2 an 1 U. be on

OpWeita am$s of a distwr of the base.

I rttios a b, C used abow,



'scixider oaAIv those reaotions Ln wtnich both irdti&2. and tint).

states contain only two particles (muleti)0 MAe state.o are specified by
thu innta in tts Gk sytta (oantr Of rass) aXnd the p0.irstiOn. tagi

polaflntirn sta~te ma be srpefiui by a dkisaity vattt- In the spin spano

of the syste, %teb is the pnlduet space of the spin spacs of the tc partietis,

vhbsoronn " elum are daaetarfivi by ths :asntt .n ofinal

deasity tatic's do: cribia& intia "ed Iu itat-ats, dwtat bypL

and P4 rasp*5tivu, 4r4 niAtM by tdw P"1t~t

GavIiad tr~e difo ig concept fx- eqv.xac ratin a t trihI&nrlia

qutuion o .- orsMn oe nrfrne3

my W *xpess j & u Uiiar e~binaA~n



10,

Fr a.ngular b raok eta dtnota etatist-ical erp4eattion va2luaa. Ut! the basie

operatons ae noztmlited so tht

wtsre L i aM art the diiniamXitioe of Iattial and £irtL spin spaon"

if nesittr initial partidlt it polArbtaed ar,6 orA Nation product is & deiuteon

k?'4 the* fxiarttAn of the other is wt oirmid the =4l RMu wi.qua4

to arrv is the sxyCettion itits ef the idihtity, sar "he only S1 of intamet

viii be Lbv direet prodtrta uf the t&T o erars T A in ttr dawute-mn spin

.}a.i vt the n dvuti*4 apnmtor in the eopit spane af "h ottn reatioc rrOdut.

Thft (2.4) beza~e

&ina M4 mat b4 innarAnt with rwpet tc, rotation & as4 "

YAmist Wberit sittri M i sj a harmtitmrzi .6 pnSa

r4t the fAl ayttn, ai terw at Intore-et rust be ontnrttwa oth AWit%j esrq' mntitiso toi%*I fro U, and klthe iaitI mnl fi"al bsawt.a. To L

invmrinnt und~er spaos -efloctian, the t-ras mst " o at ryn dsgnes in ri d

iree the arirrai a r apaoe raoflecticg, Yocdj~ntly tre =S~t £tr Isr&1

IformA of K is

717

4- Z 5 (j~;;



Here the quantities j xI deen onyc i n ~ ads .b*rel in

orde tbt SKisbezttian. ITe. arm solid spherical b&.rz,±es :orme

fr teompmcnts of their indioated arg~naafts, e.0i *c..l inaiostsu

quantities depc$Lnxg en ooentore in the spin 8p-act of tile a,,aore iotiz

EqtAtioae (2,6) IM 2.7 that (t f eqa the* to*effotnt

of T in (2.7) 4±i:dad by the term daotod by ge. otrtbxtin

nntrhins to the"a. To atr4y th A ~ tttc stt of tbaut dsut4ia, w

choose thv nOS&1 t'o the rection pIli A +'"i; U" the tOu(V±I

fork of apherical hrrwiies:

mith the i;;oy* crioice of Nl2ar tn"i, thm w - coapcneni%.e of an 4c vanian,,

An zj h fas Onl.y & .3 - .capoieant- IDherofore all Lavccnloe of th-e t,'p

Yazkji) is a sOcoM'Nldegr* bamiwc; blUtoar in = &d av ri SYZWtricC



12..

YO +i1 in (2-7) vAniah, and with these &U ±T 12.t Our

aesertion In Sec, I that the poarizatiox states produced in uiWle re-

actiar~s will have the epin a3 & prinoipal a.is of the second n.nk tens~or

is proved; and muor*eer rs tee thisi preferi-d ctirection is norzJ. to the

reteticn plane.

We haveo ilrLady disnseld the £e~f&2 featuresa a- these pcipsr4,atFln

aset-4 8. It is usletai to airs tt (TJx~f uelr4 st axis in tho flation

Plate Mas the wtiar axis, T! w-e tr-y to detevt pal#arj.ttion by a Los'kni rmr

aatvtof, it is tacnvient toi tcon.t the diretion of LieiAwin of LI&s ev-

t;M r-toti-on asj - is, vwhiei I~e Lm, the ai~re of thes first ?sation . w-

6-ntr, V$ fuintg.e (57t th$ rrovaj by jUaitg it fil thA Y-aJe. In this tcor Jina

qtstj we Wt 6 th&t &I 55700an 11tafikharmoliG3 rr am~ in (2,7) &a

r ar Yiz 1  s ) ra pfa isagn ty, Sinmvwthesdwtserln* the

55M ff t nt*6 &bws, we obtin aorttuntion with (1.2)

Zqiaticn 2.MC)itoiuds the vsih"o hich we krnv froc the

pr ec e-di-ng6 rAJysiea, 5inc e <s'ie co lm i thenr1

A !r4r prsbles of Antereet ii the a&ng,,jar distributsr of the renctlcn

prouot. if thu Lniua: state corsI3ts of a deifleron. vhidh my be arbitrarily

polarlied, and ar n w-olaritel target of spin j e aH5u.w there are unly two

reaction, prz-u cts agato We u2@ equ-Atiori (2.4) A--th the ldantlt7 matr[ix L4!!

It t cleor thn t tte~e arL urents hold foDr Lr rtcies with higher spins,
ai for >--rticles wlt spi,- 1/2 (r!' 3)



$ and dirooct pr-oducts of the ?jMq with the 1~!ati i thes sp!in

eras of the target. SS the R fl tinterest. We then hAve

The harldia rAitrix )4tH 4k# an orwrt~r In the spin spac" of the IrMaJ

aystw , &M aq bb ar'usse0d at a i-Aeur otublmiaticp of tmic oparatere

im thAt "00e. 3tnoe AM st beg inva-rtmnt ur or rottions ar4 s~wuo

z; rimetIon

At it (2.7) the I &,re r;"l talar dop~tirW tm kp kQ arldkp

&ny M t '' lsttates term oortarmirg ol~nrtttru other than the

idrtlty in the 9Pin ercoO Of the tar-get.
To obtain the angular difftribution of the rao-tion products, vs

substittite (2.1-2) Into (2,1.1).

(2 13)



To emfl this in cretor dflst1 we chooe tne polar eta pwalfl t.) k

ThIir wCjulr distribution acpnso thei depenees Of I U=Since the

onls n*tr wth -n-"nihiag I andr I compennte is kf the harwnioa Which

wlt~i*in (2,13) ay be expreed as a eM±u of tim& containing

N~ (k f) (n6rce 's are the gum) tines q'rnttiee indeWrent of

rosrticrn -ducThts is &±rsatly relAttd to th Thitiam of the infe'.dtnt

dnuteilris, >'* ft Ir *rn'ut-r di;Lribrutioi, o-y also depenid u'pz ' ,
bkit jrwrt"*y this wkiuld not b-@ rto iz arty ats t zn to the po1r-

tntiaim of the. L-ooidet Pvtid&. cerld ga s
4twv ino±rwth 4rtt i n thelo trrd r.-ttion6 attrs a s

pt h 4m* of first rt16,n " -1-S q~plWO. l

1~ ~a±'~ (23' &pliE4d to the SrtrM retion host. IUtI*4 (2.9) atd

tha?. the sr4rv digtrtbution wial htw'o the Conri

+Ir AL& del

He e d i tiw, polar angl e, ?he ~itta :e :ea!31re d fmr thcpLae off

t!ne ffirst reaqction,, and t'no tui nst 1 A, 3. C ,siea p~lJrzmIR~n in cog



U ~ the natm fectiwe $e"idomt otbita2. .JrtuI" Naite

tn lie enoS- racotionm); the degrees of Uieso polyucials enj 11Ate

at fcuLwm
pomc1a.aJ ax-lm depeae in cod0

' -e& xv rubos for polearittio- effects In the simper rmflnr

rnatonsdepnd nly upm the :nvaftanoe of the ailtontsui urdorr

rcstntiones ANM reflthiona. In tV" .-p*;Oi4 o&ze of *laztlc stattwring,

a ftrthwa re~trtetiuni l~toe Uocs N if the hnhltlh is !t*ig p

qtiVi~ .~ £nr-"rltt UMer tikn renrwl. Since the t4ae--rrn

II~I rCI-dct ll tnutal wtl, "0e Orkg4na1D er-pt for £ pqre rvtatlon, the

ratrtix eloemt tor these matt bi tdtintioal. If the tie rwvraeg of M IA

Oier4 -b, -a re rtV)0 o t~ tiLv e teetd dtstes

i g rines to deroyne tine reeod; fttee etvc.

Thei argu t %m an etninof that uised for un~ruz@~a t see,
e ,Katt - 6eisokonf, Thortoa ucer jicE, p533

'Wigner at Nrc. ), 46(1?



(2.16)61

j ov 0

2a1

'3-13

Ask v, ,teeaqaim olt wrlti taaprdcdi

3,ubwo!titi ~ are intude (2.7 If (2. ) chng- o Ta duetoy !rM ls

(2.e1 is6):iio a ng~cod(o skn-m



117-. Polarization or the teuaterons Prtduced In The Reaction p +p - r* d.

Accordi1ng to the cut~r assumption5 the parity of the., orbita motion

of' "he systrmT net change in a r-eaction in which a n7-neson Is produced, aso

the !wtstes of' relative motion of the final sytr are asetzed to be ;Nr.1 S

and P et4atea At the emrCj' izder oo nider-ticn. These aaestutions 21it the

fom of M to the foflO~ng:

He*rs A thA tt~ilet g jezticn opertor; T, and Tu are Pa'l- natries

Opting on the spin ftrotiois af the tw a-Uteoeis; 9 is t~te relative mumti

uT--o k. Tistaa he ppw inr sat bapwidttmU3C to n the ;rt

emtangd, i~ itis mtixeleeft ofanoperator ttich nut be uyaotrica

li h4 tic clowl vti te ifitil iarteimn-yinstrian). an tho final

&xthat4ngA T' vid atc.vd dhrW~g the5 wigri ofg The only paaiostelar

operAto. satisfyiM- this onitt wbth e~m b-o con.trueted ftr ,

&n 7 ,, wt±0fl 1"d to a doztrtin in the fintal state, and wir* contA~ no

pavwer of g higher than the first art the terta in (3.1).

It %.ay seen at fir4 that the use of H as an openrtor in the two nucleon

s Pin espace imp1icit~jy aeulss tho, grmwid satte of the deuterec is a pure

S-Btate, This is -n ot the cass, however, since the matrix e1mente of any

operator cw.necting the deuteron grozd sate and the initialJ state may be

-;repres-3ntad As the amatri-x e1arents of s muitably modified operator iLn the



tw--nuf-Aeon tpin isp Th- dautezn wave Aunction my bae written~ (12)

!n e.~'sutirig m.altix o1le-its o~f any cperator, w4 may transfer the part of

Spracedinig A to the operatr" in question. The =13, difformnca bart~an

asjwtnxg the diftvrim to b-o In a pi" 5.-otate or taking thn L-aimixture intto

ancounrt appm&rs iLn the ,smtetere A, S~, mnd 0.

I~ n"- eavt" pa e-ter" in (3.1), intmxhzing uni veotmoia k in

paiaalol to j an rt~cti".Iy

A

mmr~ A(/ I ~ OASC)4

(3.4)

W, arita and J, S. Schwingr. Pri~a. Rev. ~,436 (194v1)



AA

and '~perpendicular to k, and Af is r un-it vector normal to the plans ofk

and q,

The form of M~ m~ be simp'ifisd if th-e einigl-ng dr.utercns are chosen

f ro mn anguar rma sy~Atrieal nbout ninety deagr~i (CIR), prroviding theI

v&riation of er.-gy ttt Anole in thirc rnnge may be nejgleeted Tthov &11

V ttee proport-tcIC to uiJ~~ sis, and IO( wil not eontain any

first rank tws r upenaters*.0 1) This qSnplfieato is ir~ortant becaus

if the polartsatiaz, is to be detetted by auuxn~aytisin. a e'.m

niacticr, itw weuld int gui'rl be dlfla~lt w dVtferartiate betvw aiyintriee

a~sstoda td wi th <T2 ,± , ad "T 2?-1 The tuflibtuity of utituitm t i 4wa

InaLr yp?inswtcU-sds on th gul~r ditributi o thep-4t td

j_* na&±ct and klec w the rwtg' kwptde.e of tit 6.ettng retion Pe~r

400 J~v inideit prnat-oins, t~w err (tab) of-the emergi dtitrri vAU be

E i&19 (1 # O.n .Q $q6 (3.)

t1, l~onb01rYAti f ; mer then detertis the rants of go :nd Wts

bea of autgoing ~Uitoras. We aesiaft for the6 rinkindaer of this per thatI the above setihcd of eflina ting L1 polarisuat ssociAted with firt t order

OrsAwiavl 41s td

[ (l3 )t may be "en that. the expetation yalus of the uspin vanishes evan if

higher nartia3. waves are involved. Bea,,,us. of the ezclu-ston pritaiple if, th~e

initial state, eren .rk odd etata arwict interfere, and the intensity is a

sin %1 therefore it must be a"tipliesd by an odd polyncaia3. in cci @,

Ij
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Wa now use the notation
,2 k#17 i ICl 1 "

(3-6)

1 1 (3,7)

We atlw %m the idttyt-

A ,. , . L V L.i(--) rt r]-A 3 ~ 3 A - 0 3

A1" & bar is e to k wuotv quantities afutmupd mvr atiglai, and *quIt.or

(3,4) btewo

(3.9)

11 we e hw. $a e polar~ fie &1w , atlholC te

p"Iotioml1 to aim raw, <?2 ± > vani"S. as w2j A as ) )

and k is a print.ai Ltz. as yell as ?rhre',re, ' , , - da.e the

prindpal.. s of the second 'ank scr. In the extreme e v94 wha e c4Q

W~y be necet~d, we obtain us~ing (2.6)< o> r2" .

010



According to thn discussion of Sec, I, the 5sttstical mixAtr-, In this oxtraze
casa wil contain sftates like /ooriented a-on p* andn'oa o auso

E.If E *0~(14) the st-ate will be a pire state 1,orie..nttd along $; if

E -1 states oriented &long p nd n have equal i-ihs fI less ertrme oases

where eos q cannot be neglected the valia of <T Will be 'also tha 2ad
the atatistloa mixture will UNs cwntain the state orienited along k.

To consider t-he detection of the polarization b-y azimutal asymintriea

in a e-eoo reaetlar, it is convenient to use the direoti of motion (Lab

system) as t~p I axis and thennM to the plaMe of the ftrvt reacetion a~s the

y-aziu. Tha Vdue of eTz)rd also of P definmed by (1.7) irh this §oorGdflnAte

ywatm h!r-,vjoua a and (~ are tivw In Table 11, whore the ineiderrt proton

erargy is 400 F6- and c,-4oo qulu 0,039 *tovOrru~ing to Pihe wng

700 < Q 1k3100. The raluuus of Nag ar Me1nu to apprro ato the Nrxn43d

a.glrdistr ions in Vwrimotiw p *p' fi* #d, " its IAY-fli. (50

Ifl ma'tucU1 *t 02,>" ar 0,2 dutrta with inzruarinSg 1 tb. nuiit~4.

or 12 in airoet proportions. to (14+. Paor the values of 'j,1 owiid

the reozulte "n vry kanaitifl to cou4 as well tm S. tw sgiitwds of the

expectatin vlues of ll epentora would ivrrvau. if the rgt ~r range wrv

(14)ThJA for example is use&d by Thaw St &I, Ph"s. 3 6  ,51(1951)

(l5)Whitehaad and Riehain, PhQ-4 Rev, U, 855 (195-1)

(Du)bint, Leaor, knd Oteinbergsr, Phys. Rev. 84, 581 (19511)



Finaly, w note that in amse the angular d.atributioo of this re-

action is proportiomA1 to o2 Capl&ia:*iscuetanidpnet

of angle, the statistical airtur. aoosisttng of the pure state orientod along k,

angle of the emerging t-se (Ia' ijitam) voLA- twe to amke am &ngls of loe
(17)

than eight degrees with kc, the ajsoatiom n3.ues of all teno r opettons

ezspt \wo? .l be afl, If A ,zd C vte wot tem but Viry sAiL, 00

that it would be tepe,.ssibl* to choose the awrgizg Lam~ to be ey~swtricsl

ab~ott ninety degrees, t4 cactribijtions of thev lot tc terms in (3-4) wzuld

n-,t be negli~ble, ard thi results for A a" C naihirg vo4d be a ery cc

sprroxiat4* to this rrtla Fw ttte rscc we hsve wt caloulsted the onse

turn A "M C minsb, In principle atn muld &±age the ofteritat4cc of tko

jstatse relative to the dikntitm of wtim by mSgtti 4Mfloet4or. In this

Ca-SO alI Vwiust of j A jI' UIc j0 1 uJ be of ifltflt, elm*. tho POtar-

Siutco would be &,'met eavl"t M uld bre stiated aomintaly If tie

4 intmrgi dtiteroas a-re in ttn foractl dtrottic'n-

a < <7200> (?Q,< 202> P

0.1 0.0 0. U1 o-,092 -0-59 06

0.5 0.044 t-0.065 -0,30 0,30

* 02 C00* ~ 01.4 -Qwu

0, ~J0-0,34 0 4.2

1-0 +-0~ 366 *~~402

(1700 &gaLn consider the direction of =-otion (lAb astem) &a thea~t and
norma to plane of first reaction as 'tne y-axis, since we ar* irnterst"d

in. poeebl~e detection by c'Zlmlthal aaru-ietriea in a secor4 reaction,
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It ba~a been 5u~gettd tlat the elastic ucatterng of deuterocs by

Perogen might b-9u wed to detent the jol~riatom of the deuteroam. (2 Here

the quxntitias atotoed by 1W~ in (2At2) have a csupflcat~ed dejpt~ncio cc

&aloa&,t 4 he effects of polariu~min pol,&r angular dilstributionm

&n difficult to interpnt. Threto"rs bi nj~ider only the effects of polu-

!saticm of Use imeiat deuteons ci tb- asimxthal angular distributit'2. As

a .cv Ln '*a. II, 1A7 obsetw asiahtal #yintry Ve?3iMa tha aiatmcs of the

nJlvtnt pclisAtiri of the inoldert ben. In teprola we &an ctatdartag,

a left-eight nyintry (ivw ea tars In the angflar dlatrthutioa) ct~a

beW attrItutablwe to wn' Ttrp*i*teOP~~ta ju fU

emaiabvs. ?'a a.&Wit-uLe of these potrtu~t~ct effiets is da termir*S bY

ttm pio-dct ofth Uw p*"tsticc n&lua rf the nzi4ysnt tperatot iii the intlflrit

baa LAd the macfited of Ua rslevnt tart Id the mettered ifltwLlity opr'

atoP. I sot~te atl0 " shall use the iapfls. appTrd~iat-'r 1 9 ) to C&C UAie te

U elatic d-p acatt-arim4 £tplitud in~ texts a tts r-p and *- scattwrir ,

aplitwdn. Lath~l tte soatt-sri~ AaPlitud.AI f a~catai ur

the bades af £ .&l ehcien y7rinLr4.y for its sasLm;icity. 4wlo various -ap-

preiAtntiwis in addttic to the i~pflso apprc'iam will be ma. The.-ifore

UsA final. rtet±t Is not expacto1 W be good, but it may £.Mtaete tkw ordnrr of

magnitude of the aitM.synmetries without exesasive 1A~or. A* do rnot

Thww, }tyu. Il. , 710 (1951), aMW rsierve. Ln tie, pap-r,



beUm~ a 3.w&~ ea~uU1 Is ierrantfl at pmfltQ

wi ush to eLieu±5t4 a matrix K specifying the saattafrig, vth opv-

aeIn the product spite of' the deuteron &nM proton sjta funetione. Sim"e w

3azl uso the ajjraimtic that the deutrva is a pkre $sntate) the spin apses

to b4 used to tquivalent to "i prmduxt, of the spin spaens of the tUrO nut.Lems

It is convenient to uao & nipmntt±& in which, tbd proton bond in t4t de'utm

and the frem proton are dlut=In Ath&d This to often &ne by takUin4 ths ax-

o~luio prinaciple into acoint in tLo satriz 14 zther than in the %ve twiotion..

a deigate t"@ nrstroc as psrtiele one the pntin tbound in tho dirutorc

h as& two, "~n the f.-" rrotod asm threw. initial "n finCl atati tunetaon (wt

antiayaetriwi. in th* two pr~v) arw decatei by WjLh &t rta Uj4t4Wt7 a

U aM wte race ~wnt) utup. 4Szi ,-gu rnors :6ct ths tw

pretos. lT prmpurr4 aaiemtriaW tca-"tim mr.~esattj LittA~l and final1

Ii suta vii "t be 1-r (l1-F i 232 IT Lad (3.43Q234 x't~tie4. A

II

sttgtoaduwlta ttw " i etvtIjW1usU"Uw

Ji4 A.3  f4* r)( A4/Rtp(/&)ji#2j) /1&(,0rt )

) .Jr/ (42)

(4-3)
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Here EandZr tai intitial and f Inal rkelative nnOMta, Rp21an~d

d i (1)) &m scatteringS aaplti~n for the p-p eMn n--p eco14isioaa betwn

stater, with the Iioated relative =mmta, &xni f is tiam momt w-vs

tPmn-aon for tIA dwutrwc. Sinov the transiticcs LiiAoutai by the R-natrices

in "nsrC. de n.t awnnrnanv ttoiLr cculation frcs scattering data iv-

nie n aflpropriAWetniaicc

Tb. fow'rier tttnsfomy f' of the deut-era &vo Pmtio i sLk4 r

tU6 *rt~ in the SCM2 "aee a" Id ma3J. far aLrgantmt wh~osen agitiaa

ca-a iarp, ccwtiw f the polagr aogaa of ueattrn& art netrite ta

the tinwt qu~dtnt and initiAl and final at nXzj qxd osrt

of the t6sw Id* ths dwderoa, f(jf 4 *~ ) h e as mdm s axi al

rwglatw1. kurthePwr' the nukainu of ? -y " %ad t-o a pnrix~ato tba

ezpneirsft for R- aMd 92. kinN the argtwicta of beta de'utsnrw tw'ncdioA in

HIci? KR2 ) do nA nnidM uialtanwcauj tor a.y n-ltm of j6 no a"sun the psa

or "e pytodt is at the va-lte of for vlhie both argunts hanv equal ng

iiltoln, this menntd bheIna the minima e'criutsc~t ith this setretL23

7oe a*u tMA riel ) gsttflhr4 amp-4tudn my bo t-aksi out of the

* tmtqnfl at tais vflu. of i(

£4noingt~i vai~ f kby ,we isee from the oiagram thiat qal



4i this agro~tuim, .cyations (4.2) z (4.3) bo.mn

lL~~~~~i ?t-~,.jprL's ~#c)(6

- d~t49 &) ~'(.tt c'

7teqti~ntty~4 d~tdso~the stt*brri ng1 mills rill i LUob

.rV w fiiv qu tztt, jude tn roWt Wh(2.") te shuld iaotnr &ro ~ to ~cot

iiareu(tab qttas) of n (~~~e~ratrh idte-rtina ?t

in 5 as 13&rd IOC "V rn-pit'9AVOLY. At thsectt*, 1  b- dUt& iN

Scat~ec-z ther, p1t-dei

-I -

Xaftelain. Segr, at 4ie tr., Thy v 31, 661 (1951)

1,ar % r~, a wze- y s VY 83 274 (1951)
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Th dne~s shiftS is adjusted to yield the otiserred p-p Or ge'otiati

To ocaate tle& n-p scatterinlg ampitde, *o azstm & potential u" a

the B-orn appraiaticr. A ariterit4 fokr coxeing amon the nroua proposed

potertia.Vis that the Bore spprtiatioc to UwA seattering &apfltu~e ma&t on-

tamn terms of tM1 form needed to tt the polarizati4on considersd in Svc. ILI

A faxtflar potential whliob satittins this raiuisimnt LAa £ ixture of esMtru

sfiidh haen bar adjusted to fit low asezv i4a,2)A~so the gim extin~g dt-

Fef~ictat is &IP.d fer both eatn2 &w tensor potcrtialE, This modle) to

&asa)it idintiel ite a- for uhbieh the 90 Hey scatteri4 erow--ranti.b~ag ''#

calul~edby a pease snt w 3ia" tAje is this warp rvg1o of is-~

terVstr 1i may &i17ycho thi Y*Qdiy of the aom ap-At4 tw m

itr4it,@ rwalte with sure aoaurnte omn. This vnalting sueridn

Ak[ Un V-S '~ y ~ ij(4.90)

I J

The us ualI n o t.Uti far the ~Artattrs in the* potatial is utso,

3eaues and 1eahbaob, tha. Rev. 11. 14.2 (1951L 6e us the "t Vt'Loh fits the
f\ull bisglrt "&e, cr the trit-ow, as tne r-.nge of the tensor fore* trien ajrn-as

wba acOei of refereice 18. tiaver g tibs been set equal to zero,

Ciiratin -nd hiart, rhys. !iar. ~,441 (1950), partiOuJ ar!Z' cuna 11, fig, 19



tohave enaluat-p (L,,9) fo? 90 Mew n-p co'1lieim-a, a.d :cimparod our

results to those of Christian and Waft TrA angul&r distributionis are In

fair agr-tmnt, but there is onsiderable disagreea t bet ati t total

orvxtj-estiofl8, the Bon imthod yielding Pt vClu tkich is woly about, tw-

UZsof the mo, acWurt-C reult. it ise mA clear wieoh pAaof the

scattired ampLitude &re >xntly apradintd by tbo E~rn itlsfl, AS havv

tri4 to ga- scm ight intc tha nmrtevr by tbe fo11owin ag_ aZc

* ibe at bvst very rauthr In thre Born apjron~mtion, Uia aea~l and t~oso?

outturirtg arp~ttadns sizply "M. It ras 14w, wiincn that t ? - firs.

apr~xtAkatioa~ dems give wn accarLte oroer-noticn aft YO ksv, preaabfly

So rtoixtau siy~' Thie may be tras o1.y for tM partiwia-r potntiaI. strwngth

required w trasor fore" are negJacets and wot for ta ce*ntrt! frte

Inf CK~7 said, ttjC-b JA thf4ti2rt 8t trtIn. [Lt" t4O .ae U*X. WCcKPti

wuem tts i rm~hl-y valid for t.n" toejcd etrgt~m hif"r

tM,* rs ti: d-ue tin twLun fort: to be &I4-ut a~f ct.,at:;air 1Jor

ASMO31twitb bpmuhs"Grzin&d r.Ti A ea ~ctc

that tt.* Born a tt cts L iAcoe,2t tn Coireti atttrrq by

t~n~~itrl tresa fcr Uhe atmnt-ia1I aMA "nrgy umin ccaaidetiom,

k-1ttou~4b we do w~t balles tw &bov. outitc is vry gcc4, ye siy

obt-ere tr at (L.9) i qtnlttvety gfterl for cow putposbv. fle onl term*

vinh art aI-oweov by innarinod aLrgi-&xtw,- but 4r not ajpear in ( ~ are af

orm +o K ).id~a 4ear. n± I@ normal t,, "~ uott-ring

plae. ie of "ade typea aigfl1t &fjcdr in & nor* teeuxate e~va~.It

t'4 rvtdl~y ahwzi tiiat if wnhr t-rs a trv aadai to (t.,9), tt.e Only tiru~a aadt

M i (calcaLate-kd acoordtng to (4.5), (4,6), art- (4.8))arse of the fn's

Jc~t ,iod riA, ihys. Myw 02, 8$- (1951)
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( g*1? )41 (OV it).8 WAr'o int*U' iA d*tt1

qcI&AmImP "Lwfied by $*mo trh tenw.5o pSeAtY'3 the api te=' is

.,f no IictAtet. If we wre irntorted in dettctimg pO1IWsMA4C spoi±.

oy eapcii ralu~s of tb4 son, wo could ha" to ei.1u1ate the sc&tta'ir4

&m3ittid mior acv.R-atolyv or uma. a d.fort aw4el We eh&aU thrfr use

&ustitutizng (4,S) &8d (4,9) in1t4 '4..) trA (4,6), w xv eftiau H

i117 X T Fr'. . £1ul i

)()

by are livAr ini aUz t4-b*@f o-*wU tih wt an t M L'~.a

t.&kc7fl.

S£'Ira.1.tStn. (4213), MS Asibth.&. angular distK~Iution ror2 polr angles

of3.0 60') a r

~~(44 14)



Th.maL infltt.e of the emetftsnt of is..L (4.3A5) is d* (
oann1LUttcm of tams.. each of tich is of tka manm ord4i" asm the e~offiteat of

1. SIM.* this w.nc.Uatim depnmis on ta pat4m~z am4e)s and

*the nfLrj appnzisatica USed, the ooeffioiezt of1 022 L. Sia

this anoeUtim 4ejoA an the sartiaalar maous ad the various apMrsaz

atirn umd the coefficient of (~ tin my~25 a~be of tru OM

order a% thm .m.rieifts of <aa i

Slim 0111 w00J4 rank tsawre are of iittmt hmn, the dieWft otf

pure state of the type) /,oriated tn*Waly uwatin to the 4irnt1w Of

anirtc. To stAAy the efftiaty ot this 4stAtw', we sllaua the Lautrie

vfrteb it my 'edtw for iimidt dater stte of ths q" -with varyt4

Griwta"' Wen3# to w~rwtot a mait MAtW awigU Lv41 Ane ritth the

£=td "~ UJ~ tU4 dxptcn this to thm aawmo ditw*t4e at w'i~lmntti tis

auto. tbw tbo S5*-nnuidI4 a3PItatisd 1&1w 4 a

<VZ 0ii 4

SUI WittUg U (4 A1. r( 44)yilds the rmiut

w. ,v

Here W nrn"4tm tbie relatife iLsWrstty at varioa aiMwthz1 aln The

ttnotrw ii gin # aSi in 2 4 a". abesmt trn (4.17) bta sp o at a i~o of

xiP~A VaLS. of C- amC for varous aag A45 anmd both Z'w-m 60'

sexttertng are 1istod In Table 11.



000 0 0 0

30 ~~-0121 0004-,OI

40-0,,2, -GAO

9Q 0-0.13 0

rr- Usble U1, wse a* i the asygmetvi which my be tdw. Wit?

taatnbl.y eflg*td polaritd dwtat with stun ra*ls a tT $#C~a ?SDak-

tecngr o"mwn is novt p~f9tntrl4 'r; 3te&ISdS4

*tatvN~arw ot tbe mmte*

Ytr dwtt?!fl (414 (p,1 ).4 Thetj tat,6.: at d is &'vim

U"?i i h 0a"t&5t4 tm jlitwj Thbla in, %a pfiEM t"

0.1 0.0 0Oal7 -0.17 QM9

110 0 010 O 004-,004 *6 0

0.2 0.0 0, 07s -o,1 iS -0 0 34 O

0,5 0 M, 2 -O 095 -0sO24 -~5

10O 0 0)X 0 0C- 12 -0,O~ t01XL

(25 ic Ifeans9teIn, rhys: 5/2. (1949).



Fi&%Lly v*sh d uto4 ik. to mote sm genenla- teta Ot tM colar-

flation *ffeotu in d-p ecattvrngc TAhese do riot mnaub $A the Lmr apinte-

cna~Aw asnJy S-tarn lead to Vaiih.nE re-Ute. Sitt &ruu.h a~satuptioams

~to vanishing polarization effects In nnia'u~ utt4rijg the

titter in vbloh po).riutiao effaets in &-p aM- mclot-s-ula muia

d*Adsu tb fonmm.~t sceattering am.ttit. iu Githnt it t6a

1331135 a"p'oxttio IS nlid. If tt.e vrinV~ narjants Wit hasib's

tte~my *bUld tcid to suppleint :ach otaerL


